Introduction
============

Paclitaxel is a diterpenoid isolated from *Taxus brevifolia*, and is approved by the US Food and Drug Administration for the treatment of ovarian and breast cancers. Clinical trials have shown that paclitaxel has antineoplastic activity, particularly against primary ovarian epithelial carcinoma, breast, colon, head and neck cancers, and nonsmall cell lung cancer. Due to its low solubility in water, it is clinically administered dissolved in Cremophor^®^ EL (polyethoxylated castor oil) and ethanol.[@b1-ijn-7-4499],[@b2-ijn-7-4499] These formulations are highly allergenic, require extensive premedication, and are responsible for most of the acute toxicity.[@b3-ijn-7-4499]--[@b10-ijn-7-4499] To overcome these problems, new aqueous-based formulations of paclitaxel that do not require solubilization by Cremophor and ethanol and decrease the systemic toxicities of the drug are currently being developed.[@b11-ijn-7-4499]--[@b15-ijn-7-4499] Liposomes consist of phospholipids that are highly biocompatible with low toxicity, and they are able to encapsulate both hydrophilic and hydrophobic drugs. Furthermore, one of the strong merits of liposomes is that they can be used for specific purposes, including long circulation and targeting, by alteration of their lipid composition or addition of functional agents.[@b16-ijn-7-4499]--[@b19-ijn-7-4499] During recent decades, encapsulation of chemotherapeutics into liposomal formulations has had reasonable success as a pharmacological strategy in vitro. Sharma et al and Straubinger et al developed a liposomal formulation composed of phosphatidylcholine and phosphatidylglycerol, and showed that the growth-inhibitory activity of paclitaxel-loaded liposomes against a variety of tumor cell lines in vitro was similar to that of the free drug.[@b20-ijn-7-4499]--[@b22-ijn-7-4499] However, in vivo, their success was limited due to rapid uptake by the reticuloendothelial system, thereby preventing them from reaching the target tissues.[@b20-ijn-7-4499]--[@b23-ijn-7-4499] The advent of long-circulating liposomes prepared by incorporation of phospholipid-modified polyethyleneglycol (PEG) in the phospholipid bilayer allowed the limitations of conventional liposomes to be overcome and has proven to be a good approach to prolonging the circulation time of the drug and improving its antitumor efficacy. Long-circulating liposomes prepared by surface modification of a flexible hydrophilic polymer such as PEG[@b24-ijn-7-4499]--[@b28-ijn-7-4499] are effective as drug carriers for oral, parenteral, and topical administration to avoid unwanted metabolism both in vivo and in vitro. PEGylated liposomal doxorubicin (Doxil^®^, Caelyx^®^; Alza Pharmaceuticals, San Bruno, CA) has shown an ability to inhibit interaction with plasma proteins and mononuclear phagocytes, and can markedly prolong the circulation time, with a terminal half-life of 55 hours in humans.[@b29-ijn-7-4499] Sterically stabilized liposomes containing paclitaxel has also been reported.[@b30-ijn-7-4499]--[@b33-ijn-7-4499]

Various tumor cells, such as melanoma, breast cancer, prostate cancer, and nonsmall cell lung cancer are reported to overexpress basic fibroblast growth factor (FGF) and FGF receptors in comparison with normal tissues.[@b34-ijn-7-4499]--[@b36-ijn-7-4499] In a previous study, we constructed a human truncated basic FGF peptide (30--115 amino acids) containing a basic FGF receptor binding site and part of a heparin-binding site. This truncated basic FGF peptide could effectively bind to FGF receptors on the cell surface, but did not stimulate cell proliferation.[@b37-ijn-7-4499] Using this peptide, we have developed FGF receptor-mediated cationic liposomes to target doxorubicin or paclitaxel to tumor cells overexpressing the FGF receptor and to endothelial cells in the tumor neovasculature in vitro and in vivo. Such a delivery system not only improved the uptake of chemotherapeutic agents in tumor tissue and human umbilical vein endothelial cells, but also significantly inhibited tumor growth and improved survival in tumor-bearing mice.[@b38-ijn-7-4499] We have also constructed a micellar drug delivery system formulated with cholesterol-block-PEG (COOH-PEG~2000~- cholesterol) copolymer and chemically surface-linked it with truncated basic FGF fragments. This micellar system has the advantages of delivering chemotherapeutic agents specifically to tumor cells, and increasing the efficacy of chemotherapeutic agents in vitro.[@b39-ijn-7-4499] However, these cationic liposomes and the micellar drug delivery system do not have a noticeably prolonged circulation time in the bloodstream. Therefore, it has been necessary to develop a better tumor-targeted drug delivery system with a longer circulation time in the bloodstream.

In this study, liposomes composed of egg phosphatidylcholine, cholesterol, distearolyphosphatidyl ethanolamine-N-poly(ethylene glycol) (DSPE-PEG~2000~) and COOH-PEG~2000~-cholesterol were prepared using the lipid film method. In addition, truncated basic FGF fragments were conjugated to the distal terminals of PEG previously anchored on liposomes. The purpose of the DSPE-PEG~2000~ and COOH-PEG~2000~-cholesterol block copolymer was to keep the liposomes sterically stabilized, after which they were loaded with paclitaxel using the solvent evaporation method. Finally, the truncated basic FGF fragments were conjugated to the carboxyl terminals of COOH-PEG~2000~-cholesterol on the surface of the liposomes for targeted delivery to tumor cells. Ideally, such liposomes would substantially increase both passive and active accumulation of paclitaxel in tumor tissue. At the same time, we prepared conventional liposomes containing egg phosphatidylcholine, cholesterol, and paclitaxel (CL-PTX) and also prepared free paclitaxel. The physicochemical and pharmacokinetic properties of the different formulations were then investigated. The suitability of the liposomes as drug carriers to prolong the half-life of paclitaxel was evaluated. In addition, the effect of truncated basic FGF on the tumor-targeting characteristics and biodistribution of the liposomes was elucidated.

Materials and methods
=====================

Chemicals
---------

Egg phosphatidylcholine, PEG (molecular weight 2000), cholesterol, Cremophor EL, Dulbecco's modified Eagle's medium, and RPMI 1640 medium were purchased from Sigma (St Louis, MO). Paclitaxel was purchased from Chengdu Mansite Pharmaceutical Co Ltd, Chengdu, China. Acetonitrile (high-performance liquid chromatography, HPLC, grade) was purchased from Fisher Chemical ( Loughborough, Leicestershire, UK). Chloroform, methanol (analytical grade), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), and N- hydroxysuccinimide (NHS), were purchased from Chengdu Kelong Chemical Co Ltd, Chengdu, China. DSPE-PEG~2000~ was purchased from Lipoid (Ludwigshafen, Germany). COOH-PEG~2000~-cholesterol and truncated basic FGF peptides were prepared and purified in our own laboratory.[@b37-ijn-7-4499],[@b39-ijn-7-4499] All other reagents and solvents used were of analytical pure grade.

Animal models
-------------

Male and female C57BL/6 J mice (n = 90, 6--8 weeks old, 18--22 g) were obtained from the Laboratory Animal Center of Sichuan University in China. All the animals were raised under standard pathogen-free conditions in the Animal Center for Pharmaceutical Research. After a one-week acclimation period, the animals were used for the experiments. Murine B16F10 melanoma cells were purchased from the American Type Culture Collection (Rockville, MD) and cultured in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) heat-inactivated phosphate-buffered solution and 10 μL/mL penicillin-streptomycin. The cultures were sustained at 37°C in a humidified incubator containing 5% CO~2~. The cells were maintained in their exponential growth phase. To prepare tumor-bearing mice, 2 × 10^5^ B16F10 cells in 50 μL were subcutaneously injected into the right flank of mice. All of the procedures involved in the animal experiments and the study protocols were approved by our institutional animal care and use committee (Sichuan University, Chengdu, China).

Preparation of paclitaxel liposomes
-----------------------------------

The long-circulating paclitaxel-encapsulated liposomes were prepared using a thin film evaporation-extrusion technique. Briefly, paclitaxel, egg phosphatidylcholine, cholesterol, COOH-PEG~2000~-cholesterol, and DSPE-PEG~2000~ (2:60:30:5:3 mol/mol) were dissolved in 4 mL of methanol and chloroform (1:3, v/v) as a mixed solvent at room temperature and dried to a thin film, firstly with nitrogen gas and then under vacuum for several hours. The lipid film was hydrated with 2 mL of 10 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 5.0) at 40°C for one hour. To obtain small and homogeneous vesicles, the liposome suspension was sonicated for 10 minutes in a bath-type sonicator (Bransonic 12) followed by three extrusion cycles through polycarbonate filters with 0.2 μm pores (Lipex™ Extruder, Northern Lipids Inc, Vancouver, BC).[@b40-ijn-7-4499] For CL-PTX, paclitaxel, egg phosphatidylcholine, and cholesterol (molar ratio, 2:60:30) were dissolved in chloroform/methanol (3:1, v/v), and then prepared as for the above description of paclitaxel-loaded targeted PEGylated liposomes (TL-PTX) to obtain uniform CL-PTX. The resulting liposomes were purified on a Sephadex G-75 column to remove the nonencapsulated drug content.

Development of truncated basic FGF-conjugated liposomes
-------------------------------------------------------

To activate the terminal carboxyl group of COOH-PEG~2000~- cholesterol, the paclitaxel-loaded liposomes (with 20 mg/mL COOH-PEG~2000~-cholesterol in 10 mM MES buffer) were incubated with 400 mM EDC and 100 mM NHS for 15 minutes at room temperature with gentle stirring and then neutralized with NaOH (0.01%) to pH 7.0. The resulting NHS-activated particles were covalently linked to the −NH~2~ groups of truncated basic FGF (1% weight compared with lipid concentration). The reaction was continued at 4°C overnight. Unreacted truncated basic FGF, EDC, and NHS were removed by gel filtration.[@b41-ijn-7-4499] The final concentration of paclitaxel encapsulated in the liposomes was determined by HPLC assay. The encapsulation efficiency of paclitaxel in CL-PTX and in TL-PTX was calculated according to the following equation:
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where EE is encapsulation efficiency, W~total~ is the total amount of paclitaxel in the liposomes before purification and W~encapsulated~ is the amount of paclitaxel encapsulated into the liposomes after purification.

Characterization of paclitaxelencapsulated liposomes
----------------------------------------------------

### Size and zeta-potential determination and atomic force microscopy

The particle size distribution and zeta potential of CL-PTX and TL-PTX were measured by dynamic light scattering (Zetasizer, Nano-ZS, Malvern, UK). At least three different batches were analyzed to achieve a mean value and standard deviation for particle diameter and zeta potential. The shape and structure of TL-PTX were observed by atomic force microscopy. The prepared suspension was diluted with deionized water and deposited onto freshly cleaved mica lamella. The sample was dried for 3 hours at room temperature. Atomic force microscopic images were taken by tapping mode in air on an atomic force microscope (SPA400, Seiko, Tokyo, Japan).

Quantification of liposome-bound peptide
----------------------------------------

The amount of liposome-bound peptide was determined using a bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL) following the protocol recommended by the manufacturer. Briefly, triplicates of a truncated basic FGF-modified liposome sample along with duplicates of known serial dilutions of BCA (to build a standard curve), were added to a 96-well plate in the same volumes. After mixing samples with 200 μL of the BCA working reagent (1:50 ratio of 4% CuSO~4~: BCA, Na~2~CO~3~, NaHCO~3~, Na tartrate in 0.1 M NaOH), the plate was incubated at 37°C for 30 minutes. After cooling to room temperature, absorbance of the purple-colored complex of BCA and Cu^1+^ (product of protein oxidation by Cu^2+^) was measured at 562 nm using a Labsystems Multiscan MCC/340 plate reader (Labsystems and Life Sciences International Ltd, London, UK).

In vitro drug release
---------------------

Release of the paclitaxel from CL-PTX, TL-PTX, and Cremophor EL in vitro was monitored using a dialysis method. Dialysis was carried out at 37°C using Spectra/Por dialysis membranes with a molecular weight cutoff of 14 kDa and phosphate-buffered saline (pH 7.4) as the sink solution. The initial concentration of paclitaxel in the formulations was 2 mg/mL. At scheduled intervals, 1 mL of the dialysis medium was collected and the same volume of fresh medium was added immediately. The concentration of paclitaxel in dialysis medium was monitored by HPLC assay. Chromatographic separations were carried out on a C18 column (250 × 4.6 mm, 5 μm) and samples were eluted using acetonitrile and water (50:50, v/v) at a flow rate of 1.0 mL per minute with the ultraviolet detector at 227 nm. The release percentage was calculated according to the following equation:
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where W~total~ is the total amount of paclitaxel in the liposomes and W~release~ is the amount of paclitaxel released from the liposomes or Cremophor EL into the dialysis medium at any time.

Pharmacokinetics and biodistribution
------------------------------------

The study protocol for the animal experiments complied with the guidelines on animal experimentation for Sichuan University, China. When the B16F10 tumors had reached a volume of about 500 mm^3^, the C57BL/6 J tumor-bearing mice were randomly and equally divided into three groups, which received free paclitaxel solution, CL-PTX, or TL-PTX administered as a single dose of 10 mg paclitaxel/kg body weight via the tail vein. Free paclitaxel solution, as the control, was prepared by dissolving 200 mg of paclitaxel in a 10 mL mixture of Cremophor EL (1.5%) and ethanol (1.5%) followed by dilution with 5% glucose (w/v) to 200 mL to generate a final concentration of 1 mg/mL. All the free paclitaxel solution mentioned below was made up as the same preparation. The concentration of paclitaxel in the CL-PTX and TL-PTX formulations was also 1 mg/mL.

For the pharmacokinetic studies, the mice were anesthetized by halothane inhalation and bled by eye enucleation at predetermined time points (0.5, 1, 3, 5, 12, and 24 hours following administration of the experimental treatments). Plasma samples were obtained and centrifuged immediately at 4000 × g for 10 minutes, and were then stored at −20°C until analysis. For the biodistribution studies, the mice from each group (five mice per point) were sacrificed following collection of blood at predetermined time points. Tissues of interest (tumor, heart, liver, spleen, lung, kidney, and brain) were rapidly excised from each mouse and immediately washed twice with normal saline (0.9% NaCl), dried with filter paper, weighed, homogenized, and frozen at −20°C until analysis.

Ultraperformance liquid chromatography (Waters, Milford, MA) was used to determine the paclitaxel concentration in the plasma and tissues. Paclitaxel was extracted by methyl-tertbutyl ether and quantified by reverse-phase ultraperformance liquid chromatography with a C~18~ column (2.1 × 50 mm, 1.7 μm) using an ultraviolet wavelength of 227 nm, with water and acetonitrile (40:60, vol/vol) as the eluant solution. The paclitaxel concentrations were fitted by a Pharmacokinetic Software of Drug and Statistics (edited by the Mathematical Pharmacology Professional Committee of China, version 2.1.1). The data were normalized to tissue weights.

Statistics
----------

The data were expressed as the mean ± the standard deviation. Statistical differences were estimated using the Student's *t*-test. The data were considered to be statistically significant at *P* \< 0.05. Pharmacokinetic parameters were obtained using the practical pharmacokinetic program version 87 ( Committee of Mathematic Pharmacology of the Chinese Society of Pharmacology, China). All statistical tests were two-sided, and were performed using SPSS version 16 for Windows statistical software (SPSS Inc, Chicago, IL).

Results
=======

Physicochemical properties of CL-PTX ± truncated basic FGF fragments
--------------------------------------------------------------------

Both CL-PTX and TL-PTX were suitable as injectable formulations, and had a small particle size. The shape of the CL-PTX was round or oval, as observed by atomic force microscopy, and is shown in [Figure 2C](#f2-ijn-7-4499){ref-type="fig"}. The mean vesicle diameter of CL-PTX was 137.3 ± 23.1 nm (n = 3) which was determined by dynamic light scattering, and the polydispersity index was 0.217 ± 0.072 ([Table 1](#t1-ijn-7-4499){ref-type="table"} and [Figure 2B](#f2-ijn-7-4499){ref-type="fig"}). The TL-PTX data showed that the mean liposome size increased slightly after attachment of the truncated basic FGF fragment (142.2 ± 46.4, n = 3), and the polydispersity index was 0.255 ± 0.086 ([Table 1](#t1-ijn-7-4499){ref-type="table"} and [Figure 2A](#f2-ijn-7-4499){ref-type="fig"}). Zeta potential measurement indicated that the surface charge of CL-PTX and TL-PTX was −9.20 ± 0.31 mV (n = 3) and −5.05 ± 0.16 mV (n = 3), respectively ([Table 1](#t1-ijn-7-4499){ref-type="table"}). Because the isoelectric point of the truncated basic FGF fragments was pH 8.77, the increase in zeta potential of TL-PTX (compared with CL-PTX, *P* \< 0.05) might have contributed to the positive charge of the truncated basic FGF fragments in the buffer (pH 7.4). The average encapsulation efficiency of paclitaxel in CL-PTX and TL-PTX was 89.7% ± 3.6% and 89.1% ± 2.3%, respectively. The amount of truncated basic FGF conjugated to the liposomal surface was approximately 27.4 ± 1.8 μg truncated basic FGF/mg COOH-PEG~2000~-cholesterol (n = 3), as determined by BCA quantitative protein assay.

Stability of formulated liposomes
---------------------------------

The stability of CL-PTX and TL-PTX was observed over a one-week time course with storage at 4°C. The results ([Table 2](#t2-ijn-7-4499){ref-type="table"}) show no significant differences in particle size distribution, zeta potential, and encapsulation efficiency for paclitaxel on any of the days in storage, indicating that CL-PTX and TL-PTX are stable for at least a week when stored at 4°C. The experiments were performed in triplicate.

Paclitaxel release from TL-PTX in vitro
---------------------------------------

The paclitaxel release profile from TL-PTX in vitro is shown in [Figure 3](#f3-ijn-7-4499){ref-type="fig"}. A typical two-phase release profile was observed for TL-PTX, ie, relatively rapid release in the first stage (22.1%, 0.442 mg versus 2 mg within 8 hours) followed by sustained and slow release over a prolonged period for up to several days. It was found that only 44.1% (0.882 mg versus 2 mg) was released from the liposomes within 120 hours, while about 88.5% of the free paclitaxel (1.770 mg versus 2 mg) was released into the outside medium. The drug release rate for free paclitaxel was about twice that of TL-PTX. The release profile for CL-PTX was similar to that of TL-PTX.

Pharmacokinetic parameters
--------------------------

The plasma concentration-time curves and pharmacokinetic parameters after intravenous administration of the different paclitaxel formulations are shown in [Figure 4](#f4-ijn-7-4499){ref-type="fig"} and [Table 3](#t3-ijn-7-4499){ref-type="table"}. The highest plasma paclitaxel concentration was observed after injection of the TL-PTX formulation (maximum concentrations of TL-PTX, CL-PTX and free paclitaxel were 18.95 ± 1.03, 7.93 ± 0.47, and 5.58 ± 0.31, respectively, *P* \< 0.05). This indicates that CL-PTX had a drug concentration-time curve similar to that of the free paclitaxel solution, meaning that paclitaxel was quickly removed from the circulation. In contrast, TL-PTX showed markedly delayed clearance in blood. TL-PTX prolonged the half-life of paclitaxel by 2.01-fold and 3.40-fold in plasma, and improved the AUC~0→∞~ values of paclitaxel by 1.56-fold and 2.31-fold compared with CL-PTX and free paclitaxel, respectively. The paclitaxel in TL-PTX was eliminated rather slowly, with a longer t~1/2β~ (29.12 ± 1.81 hours) compared with CL-PTX and free paclitaxel solution. The t~1/2β~ of CL-PTX (14.48 ± 1.07 hours) was a little longer than that of free paclitaxel (8.56 ± 0.91 hours). The AUC~0→∞~ of TL-PTX (62.17 ± 6.92 μg/mL\*hour) was significantly larger than that of CL-PTX (39.88 ± 2.49 μg/mL\*hour) and of free paclitaxel (26.89 ± 2.96 μg/mL\*hour).

Biodistribution studies
-----------------------

In our study, the biodistribution of paclitaxel after intravenous injection in the three different preparations were evaluated in a B16 tumor-bearing mouse model. The three preparations consisted of TL-PTX, CL-PTX, and free paclitaxel. The paclitaxel distribution results are presented in [Figures 5](#f5-ijn-7-4499){ref-type="fig"} and [6](#f6-ijn-7-4499){ref-type="fig"}, and show that distribution of paclitaxel in the body could be markedly affected by the different formulations used for encapsulation. The paclitaxel concentration in tumor tissue achieved by TL-PTX was the highest of the three formulations at each time point. TL-PTX increased the concentration of paclitaxel at the tumor site by 1.89- fold (6.60 ± 0.57 μg/g versus 3.48 ± 0.38 μg/g, *P* \< 0.01) and 4.66-fold (6.60 ± 0.57 μg/g versus 1.41 ± 0.12 μg/g, *P* \< 0.01) at 0.5 hours, and 3.06-fold (0.86 ± 0.10 μg/g versus 0.28 ± 0.04 μg/g, *P* \< 0.01) and 5.21-fold (0.86 ± 0.10 μg/g versus 0.17 ± 0.03 μg/g, *P* \< 0.01) after 24 hours compared with CL-PTX and free paclitaxel, respectively ([Table 4](#t4-ijn-7-4499){ref-type="table"}). Furthermore, the AUC~0--∞~ for TL-PTX in tumors was 4.61- fold higher than that for free paclitaxel (46.43 ± 8.08 mg/L/hour versus 10.07 ± 1.11 mg/L/hour, *P* \< 0.01), 1.81- fold that for CL-PTX (46.43 ± 8.08 mg/L/hour versus 25.77 ± 0.95 mg/L/hour, *P* \< 0.01), and the maximum concentration (C~max~) for TL-PTX in tumor tissue was 5.15- fold (6.60 ± 0.55 mg/L versus 1.28 ± 0.09 mg/L, *P* \< 0.01) higher than that of free paclitaxel and 1.88-fold that of CL-PTX (6.60 ± 0.55 mg/L versus 3.51 ± 0.24 mg/L, *P* \< 0.01). These data suggest that TL-PTX enabled drug accumulation specifically in tumors overexpressing the FGF receptor.

As shown in [Figure 6](#f6-ijn-7-4499){ref-type="fig"}, paclitaxel concentrations from the TL-PTX formulation were significantly (*P* \< 0.05) higher in the spleen, but lower (*P* \< 0.05) in the lung, heart, and kidney compared with those from the CL-PTX or free paclitaxel formulations. Although the liposomes distributed mainly to the organs of the mononuclear phagocyte system, with most of the accumulation in the liver, paclitaxel concentrations in the liposomal formulation were significantly (*P* \< 0.05) lower than those from free paclitaxel in the liver from 0.5 to 5 hours after injection.

Discussion
==========

In chemotherapy for cancer, the crucial problem is how to avoid the side effects of drugs on healthy tissues.[@b42-ijn-7-4499]--[@b47-ijn-7-4499] Only 2%--5% of a therapeutic drug dose is taken up by tumor tissue, with more than 90% taken up by normal tissues.[@b43-ijn-7-4499],[@b46-ijn-7-4499] As a result, side effects often result in dose reduction, frequent treatment, or discontinuation of therapy. Recent research in this area has focused on receptor-mediated drug delivery systems based on liposomes. Active targeting of tumor tissue by liposomes can be achieved by modifying the liposome with addition of a targeting ligand, such as an antibody and a peptide.[@b48-ijn-7-4499]--[@b51-ijn-7-4499] However, the problem with these systems is that the majority of the liposomes are still cleared by the reticuloendothelial system, resulting in short half-lives, low accumulation in tumor tissue, and unwanted deposition in the liver and spleen. To achieve a specific therapeutic effect, both a prolonged blood circulation time and an active tumor-targeting effect are essential for an ideal drug delivery system. In our study, a novel formulation was designed for prolonged systemic circulation and selective targeting of tumor tissue showing amplified expression of the FGF receptor.

In this research, the particle size and zeta potential of CL-PTX and TL-PTX formulations were described. The liposomes were observed by atomic force microscopy to characterize their structures further. The particle size of TL-PTX (142.2 ± 46.4 nm) was slightly larger than that of CL-PTX (137.3 ± 23.1 nm) due to the fact that truncated basic FGF was attached to the surface of the liposomes so as to increase the diameter of TL-PTX. In contrast, part of the negative charge of TL-PTX was neutralized by truncated basic FGF so that the zeta potential of TL-PTX (−5.05 ± 0.16 mV) was slightly lower than that of CL-PTX (−9.20 ± 0.3 mV). There is some evidence that neutral or negatively charged liposomes could have a longer circulation time in the bloodstream because of their weaker interaction with serum proteins compared with positively charged liposomes.[@b52-ijn-7-4499] An early study using liposomes demonstrated that small neutral unilamellar vesicles (≤100 nm) made from equimolar amounts of saturated phospholipids and cholesterol had a longer circulation time in rats (half-lives up to 20 hours) compared with their anionic counterparts (half-lives less than one hour).[@b53-ijn-7-4499] These observations are in agreement with the process of complement opsonization of liposomes, whereby neutral vesicles were poor activators of the complement system when compared with positive or anionic liposomes.[@b54-ijn-7-4499]--[@b56-ijn-7-4499] Therefore, small-sized neutral vesicles were not efficiently coated with the opsonizing complement proteins, so that they were poorly recognized by Kupffer cells. Truncated basic FGF fragments contain many basic amino residues, which might result in a positive charge on the liposomal surface. The positive charge might induce rapid uptake by the reticuloendothelial system and nonspecific binding with unintended cells, such as erythrocytes, after intravenous administration. To overcome this problem, we chose egg phosphatidylcholine, cholesterol, DSPE-PEG~2000~, and COOH-PEG~2000~-cholesterol as the primary elements of TL-PTX to achieve a surface charge of --5.05 ± 0.16 mV. The surface charge was close to neutral, and enabled paclitaxel to have prolonged circulation time in the bloodstream and improved its penetration and accumulation at tumor sites. Further, the PEG chains in COOH-PEG~2000~-cholesterol and DSPE-PEG~2000~ were expected to limit interaction with the reticuloendothelial system and other nontarget cells. The pharmacokinetics and biodistribution results for TL-PTX in vivo confirmed this hypothesis.

In vitro release of paclitaxel from the free paclitaxel, CL-PTX, and TL-PTX formulations was studied at 37°C in buffer (pH 7.4). The initial concentration of paclitaxel was selected as 2 mg/mL to enable a series of drug concentrations in dialysis medium to be appropriately detected after release from the three formulations. Relatively rapid release from free paclitaxel and slow release from CL-PTX and TL-PTX was observed. It was demonstrated that paclitaxel could pass through the dialysis membrane entirely into the dissolution medium and that paclitaxel could be released slowly from the liposomes. Therefore, CL-PTX and TL-PTX showed greatly increased stability compared with free paclitaxel.

Because the concentration of paclitaxel in the extracellular fluid (pH 7.4, 37°C) was relatively low, paclitaxel was released rapidly over 0--12 hours from TL-PTX and CL-PTX as a result of being driven by a concentration gradient. After 12 hours, the drug concentration in extracellular fluid reached a certain level and the effect of the concentration gradient became smaller, enabling slower release of paclitaxel from TL-PTX and CL-PTX, which ensured a long-circulating effect. This attenuated drug release might result in a more favorable pharmacokinetic profile in vivo.[@b57-ijn-7-4499]--[@b59-ijn-7-4499]

To evaluate the pharmacokinetics and tissue distribution of PEG-mediated and truncated basic FGF-mediated paclitaxel liposomes, we used C57BL/6J tumor-bearing mice and selected 10 mg paclitaxel/kg body weight as a single dose to be given via the tail vein consistent with a previous report.[@b60-ijn-7-4499] Our present work provided an overall profile for circulation of the drug in the bloodstream, the main body tissues, and the tumor tissue. The pharmacokinetic parameters for paclitaxel changed significantly and were observed for TL-PTX, CL-PTX, and free paclitaxel. The higher plasma concentration of TL-PTX and CL-PTX compared with free paclitaxel in mice might be due to slower release of paclitaxel from the liposomes, such that paclitaxel in a liposomal form could circulate in the bloodstream for the required period of time. In addition, the slow clearance of paclitaxel from TL-PTX compared with CL-PTX might be due to the relatively better stability of TL-PTX in vivo. The reasons for its better stability might be associated with the physical barrier properties of the PEG coating, which might slow drug release from the liposomes and limit interaction with components of plasma. The slower biodegradability of TL-PTX in the bloodstream could enhance accumulation of paclitaxel in solid tumor vasculature.

Administration of TL-PTX and CL-PTX altered the distribution of paclitaxel in the tissues, with higher uptake in the tumor and spleen and lower uptake in other tissues compared with free paclitaxel. Importantly, TL-PTX showed significantly greater accumulation than CL-PTX and free paclitaxel in tumor tissue. The underlying mechanisms might be two-fold. First, long-circulating liposomes may slowly accumulate in tumor tissue and protect the encapsulated agent from enzymatic degradation, ultimately reaching high levels in tumor tissue due to the enhanced permeability and retention effect. Second, the truncated basic FGF might specifically target tumor cells by binding with FGF receptors, resulting in specific uptake of paclitaxel.

The lower concentration of paclitaxel released from TL-PTX than from CL-PTX and free paclitaxel in the lungs, heart, and kidneys at all time points might be due to the specific tumor targeting function of truncated basic FGF-modified liposomes, suggesting attenuated toxicity in healthy tissues.

During the first 5 hours following administration, liposomes distributed mainly to the bloodstream, tumor, and spleen. The concentration of free paclitaxel in the liver was higher than that of TL-PTX or CL-PTX, indicating that these liposomal formulations had a tendency to escape from phagocytic cells in the blood because of their small particle size and PEG coating over a certain time period. However, TL-PTX and CL-PTX accumulated in the liver to the same extent as free paclitaxel after 24 hours, suggesting that the liposomal formulations were still recognized as foreign material and cleared by phagocytic cells of the mononuclear phagocyte system, which are abundant in certain organs, such as the liver and spleen. Nevertheless, the higher level of paclitaxel released from TL-PTX reaching the blood and tumor tissue suggests that TL-PTX achieved targeting and had long-circulating effects.

The level of TL-PTX in the bloodstream was higher than for CL-PTX or free paclitaxel during the 5 hours following injection, possibly for two reasons, ie, TL-PTX might slow drug release from the liposomes and limit interaction with plasma components, and clearance of the drug from TL-PTX was slower. The slower biodegradability of TL-PTX did not enhance drug accumulation in the organs of the mononuclear phagocyte system, but did improve accumulation in the solid tumor vasculature. The results of our study also demonstrate that the additional benefit of less accumulation of TL-PTX in the organs of the mononuclear phagocyte system compared with CL-PTX and free PTX diminished over time, ie, at 12 hours and 24 hours after injection. At the same time, TL-PTX did not decrease accumulation of paclitaxel in tumor tissue. The higher paclitaxel concentration in the bloodstream and tumor tissue noted in the group treated with TL-PTX suggests that TL-PTX had targeted and long-circulating effects, which might enhance the therapeutic efficacy and reduce the systemic toxicity of antitumor drugs.

TL-PTX was targeted and long-circulating, which could maintain the concentration of the drug in the bloodstream and control any burst effect. It could also reduce the concentration of the drug in normal tissues, thereby reducing its toxicity. In this study, only paclitaxel was selected as the model drug. The main dose-limiting toxicity of paclitaxel was neutropenia, and TL-PTX accumulated in the bloodstream for a long time. Paclitaxel may not be very suitable for this new drug delivery system, but this does not mean that this new system cannot be used for other chemotherapeutic drugs. Furthermore, although TL-PTX accumulated to a higher degree than CL-PTX and free paclitaxel in the spleen, the paclitaxel concentration in the spleen was very low compared with levels in other organs. In other words, a small amount of paclitaxel in the spleen did not lead to important toxicity. In contrast, the concentration of free paclitaxel was relatively high in the heart, kidney and lung, which are the organs mainly at risk of toxicity, suggesting that the TL-PTX was safer compared to the free paclitaxel.

Conclusion
==========

In conclusion, PEG-mediated and truncated basic FGF-mediated liposomes were developed in this study, with a prolonged circulation time in the bloodstream and enhanced accumulation of paclitaxel, a lipophilic anticancer drug, in tumor tissues. Longer persistence of the liposomes in the blood enabled better targeting of circulating tumor cells. These benefits, in turn, might improve the therapeutic efficacy of paclitaxel, enabling more specific tumor therapy.
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![Synthetic scheme for preparation of targeted PEGylated liposomes.\
**Abbreviations:** PEG, poly(ethylene glycol); EPC, egg phosphatidylcholine; Chol, cholesterol; DSPE, distearolyphosphatidyl ethanolamine; EDC, 1-ethyl-3-(3- dimethylaminopropyl)-carbodiimide hydrochloride; NHS, N-hydroxysuccinimide; tbFGF, truncated basic fibroblast growth factor.](ijn-7-4499f1){#f1-ijn-7-4499}

![Particle size distribution of paclitaxel-loaded conventional liposomes (**A**) and paclitaxel-loaded targeted PEGylated liposomes (**B**), and typical atomic force microscopy image of paclitaxel-loaded targeted PEGylated liposomes (**C**).](ijn-7-4499f2){#f2-ijn-7-4499}

![Time course of paclitaxel release from TL-PTX (▲), CL-PTX (■), and free PTX(◆) at 37°C and pH 7.0. The paclitaxel Released was separated by dialysis and quantified using high-performance liquid chromatography.\
**Notes:** There were five mice per group per time point. Bars represent the mean ± standard deviation. Error bars correspond to 95% confidence intervals.\
**Abbreviations:** CL-PTX, paclitaxel-loaded conventional liposomes; TL-PTX, paclitaxel-loaded targeted PEGylated liposomes; Free PTX, paclitaxel dissolved in Cremophor EL.](ijn-7-4499f3){#f3-ijn-7-4499}

![Areas under the curve over 24 hours for paclitaxel in serum after treatment with free PTX (◆), CL-PTX (■), or TL-PTX (▲).\
**Notes:** There were five mice per group per time point. Bars represent the mean ± standard deviation.\
**Abbreviations:** CL-PTX, paclitaxel-loaded conventional liposomes; TL-PTX, paclitaxel-loaded targeted PEGylated liposomes; Free PTX, paclitaxel dissolved in Cremophor EL.](ijn-7-4499f4){#f4-ijn-7-4499}

![Mean paclitaxel concentration in tumor tissue at each time point after treatment with free PTX, CL-PTX, and TL-PTX. Paclitaxel was extracted from the tumors and measured by ultraperformance liquid chromatography.\
**Notes:** There were five mice per group per time point. Bars represent the mean ± standard deviation.\
**Abbreviations:** CL-PTX, paclitaxel-loaded conventional liposomes; TL-PTX, paclitaxel-loaded targeted PEGylated liposomes; Free PTX, paclitaxel dissolved in Cremophor EL.](ijn-7-4499f5){#f5-ijn-7-4499}

![Mean paclitaxel concentration in tumor, lungs, heart, spleen, liver, and kidneys of mice treated with free PTX, CL-PTX, and TL-PTX. Mice were sacrificed at the indicated time points of (**A**) 0.5, (**B**) 1, (**C**) 3, (**D**) 5, (**E**) 12, and (**F**) 24 hours after administration, and paclitaxel was extracted from the tissues and measured by ultraperformance liquid chromatography.\
**Notes:** There were five mice per group per time point. Bars represent the mean ± standard deviation.\
**Abbreviations:** CL-PTX, paclitaxel-loaded conventional liposomes; TL-PTX, paclitaxel-loaded targeted PEGylated liposomes; Free PTX, paclitaxel dissolved in Cremophor EL.](ijn-7-4499f6){#f6-ijn-7-4499}

###### 

Particle size and zeta potential (mean ± SD, n = 3) of CL-PTX and TL-PTX

  Formulation   Samples     Size (nm)      Polydispersity index   Zeta potential (mV)
  ------------- ----------- -------------- ---------------------- ---------------------
  CL-PTX        1           161.2          0.286                  −8.94
                2           135.8          0.223                  −9.16
                3           115            0.143                  −9.55
                Mean ± SD   137.3 ± 23.1   0.217 ± 0.072          −9.20 ± 0.31
  TL-PTX        1           186.3          0.346                  −5.18
                2           146.5          0.245                  −5.11
                3           93.8           0.175                  −4.87
                Mean ± SD   142.2 ± 46.4   0.255 ± 0.086          −5.05 ± 0.16

**Abbreviations:** CL-PTX, paclitaxel-loaded conventional liposomes; TL-PTX, paclitaxel-loaded targeted PEGylated liposomes; SD, standard deviation.

###### 

Stability of formulated liposomes (mean ± SD, n = 3)

  Formulation   Parameters                     Day                                          
  ------------- ------------------------------ -------------- -------------- -------------- --------------
  CL-PTX        Size (nm)                      137.3 ± 23.1   138.1 ± 24.2   137.5 ± 23.6   138.1 ± 25.1
                Zeta potential (mV)            9.20 ± 0.31    9.24 ± 0.35    9.18 ± 0.29    9.25 ± 0.37
                Encapsulation efficiency (%)   89.7 ± 3.6     89.4 ± 3.2     88.9 ± 2.8     89.1 ± 3.0
  TL-PTX        Size (nm)                      142.3 ± 46.4   142.6 ± 46.8   144.1 ± 47.2   143.6 ± 46.9
                Zeta potential (mV)            5.05 ± 0.16    5.13 ± 0.19    4.98 ± 0.12    5.02 ± 0.18
                Encapsulation efficiency (%)   89.1 ± 2.3     89.3 ± 2.5     88.7 ± 1.8     88.9 ± 2.1

**Abbreviations:** CL-PTX, paclitaxel-loaded conventional liposomes; TL-PTX, paclitaxel-loaded targeted PEGylated liposomes; SD, standard deviation.

###### 

Pharmacokinetic parameters for paclitaxel in plasma after intravenous administration of free PTX, CL-PTX, and TL-PTX (mean ± standard deviation)

  Parameters   Units            Free-PTX        CL-PTX           TL-PTX
  ------------ ---------------- --------------- ---------------- -----------------------------------------------------------
  T~1/2~       h                8.562 ± 0.11    14.476 ± 0.07    29.122 ± 0.11
  T~max~       h                0.5 ± 0.00      0.5 ± 0.00       0.5 ± 0.00
  C~max~       mg L^−1^         5.58 ± 0.31     7.93 ± 0.47      18.95 ± 1.03[\*](#tfn4-ijn-7-4499){ref-type="table-fn"}
  AUC~0\>t~    mg L^−1^ h       26.9 ± 1.97     39.9 ± 2.67      62.17 ± 4.72[\*](#tfn4-ijn-7-4499){ref-type="table-fn"}
  AUC~0→∝~     mg L^−1^ h       30.01 ± 2.96    52.98 ± 2.49     120.00 ± 6.92[\*](#tfn4-ijn-7-4499){ref-type="table-fn"}
  AUMC~0→∝~                     160.89 ± 7.15   281.93 ± 12.29   480.57 ± 16.92[\*](#tfn4-ijn-7-4499){ref-type="table-fn"}
  MRT~0→∝~     h                9.15 ± 0.27     16.42 ± 0.36     3.50 ± 0.93
  V~d~         L kg~−1~         4.12 ± 0.04     3.94 ± 0.08      3.50 ± 0.02
  CL           L h^−1^ kg^−1^   0.33 ± 0.03     0.19 ± 0.04      0.08 ± 0.06[\*](#tfn4-ijn-7-4499){ref-type="table-fn"}

**Notes:** Each data was from five mice.

*P* values ≤ 0.05 were considered to be statistically significant compared with the free PTX group.

**Abbreviations:** CL-PTX, paclitaxel-loaded conventional liposomes; TL-PTX, paclitaxel-loaded targeted PEGylated liposomes; Free PTX, paclitaxel dissolved in Cremophor EL; T~max~, time to maximum plasma concentration of drug; C~max~, maximum plasma concentration of drug; T~1/2~, elimination half life; CL, clearance; MRT, mean residence time; V~d~, apparent volume of distribution; AUC~0→∝~, area under the plasma concentration-time curve.

###### 

Increase versus time of distribution of TL-PTX in the tumors compared with CL-PTX and free PTX, respectively

  Folds vs time   0.5 h   1 h    3 h    5 h    12 h
  --------------- ------- ------ ------ ------ ------
  CL-PTX          1.89    2.04   1.69   1.58   2.29
  Free-PTX        4.66    4.48   3.61   4.40   5.04

**Abbreviations:** CL-PTX, paclitaxel-loaded conventional liposomes; TL-PTX, paclitaxel-loaded targeted PEGylated liposomes; Free PTX, paclitaxel dissolved in Cremophor EL.
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